Homozygosity for a large deletion in the solute carrier family 45, member 2 (SLC45A2) gene causes oculocutaneous albinism (OCA) in the Doberman Pinscher breed. An albino Lhasa Apso did not have this g.27 141_31 223del (CanFam2) deletion in her SLC45A2 sequence. Therefore, SLC45A2 was investigated in this female Lhasa Apso to search for other possible variants that caused her albinism. The albino Lhasa Apso was homozygous for a nonsynonymous substitution in the seventh exon, a c.1478G>A base change that resulted in a glycine to aspartic acid substitution (p.G493D). This mutation was not found in a wolf, a coyote, or any of the 15 other Lhasa Apso dogs or 32 other dogs of breeds related to the Lhasa Apso. However, an albino Pekingese, 2 albino Pomeranians, and an albino mixed breed dog that was small and long haired were also homozygous for the 493D allele. The colored puppies of the albino Lhasa Apso and the colored dam of the 2 albino Pomeranians were heterozygous for this allele. However, an albino Pug was homozygous for the 493G allele and therefore although we suggest the 493D allele causes albinism when homozygous in several small, long haired dog breeds, it does not explain all albinism in dogs. A variant effect prediction for the albino Lhasa Apso confirms that p.G493D is a deleterious substitution, and a topology prediction for SLC45A2 suggests that the 11th transmembrane domain where the 493rd amino acid was located, has an altered structure.
Introduction
An albino dog does not produce any pigment and appears white with pink skin, nose leather, paw pads, lips and either pink or red irises. Albinism in dogs has been rarely observed (Little 1957) , in breeds other than the Doberman Pinscher. In several species including mice (Yokoyama et al. 1990 ), humans (Oetting and King 1994; Fukai et al. 1995) , rabbits (Aigner et al. 2000) , cattle (Schmutz et al. 2004) , and cats (Schmidt-Küntzel et al. 2005; Imes et al. 2006) , mutations in the tyrosinase (TYR) gene are responsible for causing albinism. However, an albino Lhasa Apso dog did not have any mutations in its complementary DNA (cDNA) TYR sequence (Schmutz and Berryere 2007a) .
Solute carrier family 45, member 2 (SLC45A2) is one of the recently identified genes involved in the pigmentation pathway, and it has been found that mutations in SLC45A2 are associated with reduction of melanin synthesis in varying degrees, resulting in phenotypes such as oculocutaneous albinism type 4 (OCA 4) in humans (Newton et al. (2001) , underwhite in mice (Du and Fisher 2002) , palomino in horses (Mariat et al. 2003) , white/pale cream in white tigers (Xu et al. 2013) and Western Lowland Gorillas (Prado-Martinez et al. 2013) , gold color in lower vertebrates such as Medaka fish (Fukamachi et al. 2001 ) and silver in chicken (Gunnarsson et al. 2007 ).
Very recently, Winkler et al. (2014) found that homozygosity for a 4081 base-pair deletion in the SLC45A2 gene, including the last 163 bp of the last exon (exon 7; g.27, 141_31, 223del [CanFam2] ) causes OCA in the Doberman Pinscher breed. Based on their finding, we hypothesized that other mutations in SLC45A2 could be associated with other forms of albinism in dogs.
Materials and Methods

Dogs
cDNA prepared from skin biopsies was available from an albino Lhasa Apso, a coyote, and a gray wolf. Cheek brush genomic DNA samples (Epicentre, Madison, WI) were obtained from breeders and owners for 15 Lhasa Apso dogs of other coat colors, an albino Pekingese, an albino long haired small dog of mixed breed, 2 albino Pomeranian siblings and their colored dam and an albino Pug. In addition, genomic DNA from 4 colored puppies of the albino Lhasa Apso was available. Thirty-two dogs (that were colored and/or white, but not albino) from 10 other related breeds (Parker et al. 2004) including Pekingese (2), Japanese Chin (5), Chow Chow (2), Shar Pei (4), Akita (2), Saluki (3), Afghan Hound (4), Siberian Husky (6), Alaskan Malamute (3), and Samoyed (1) that were available from previous coat color studies were selected as controls.
DNA Extraction, Amplification, and Sequencing
Genomic DNA from cheek brushes was extracted using the Epicentre BuccalAmp DNA Extraction Kit protocol. Primers (see Supplementary Table 1 online) were designed using primer 3 (http:// bioinfo.ut.ee/primer3-0.4.0/) and Oligoanalyzer (https://www. idtdna.com/analyzer/Applications/OligoAnalyzer/).
The PCR was carried out as a 15-μL reaction, which contained 50-100 ng of DNA template, 1.5-μL of 10× PCR buffer with (NH 4 ) 2 SO 4 , 1.5 mM of MgCl 2 , 10 mM of dNTP, 0.5 U of Taq DNA polymerase (Fermentas Co., Carlsbad, CA), and 10 pmols of each primer. An initial denaturation step at 95°C for 4 min was followed by 35 cycles of 50 s at 95°C, 50 s at the specific annealing temperature (see Supplementary Table 1 online), 1 min at 72°C, and a final extension step at 72°C for 10 min.
After extracting the PCR products from a 1% agarose gel using the Omega Biotech Gel Extraction Kit protocol, they were sent to the National Research Council of Canada Plant Biotechnology Institute in Saskatoon for Sanger dideoxy sequencing on an Applied Biosystems Sequencer. The sequences were analyzed using Sequencher 4.8 software (Gene Codes, Ann Arbor, MI).
We have deposited the primary data underlying these analyses and the Supplementary Material online with Dryad.
Results
A female Lhasa Apso who exhibited classical characteristics of albinism ( Figure 1a) did not have the large deletion found in Doberman Pinscher dogs, nor did any of the other albino dogs in this study. Therefore, to search for other possible variants that could explain her albinism, the entire SLC45A2 coding sequence of this albino Lhasa Apso (GenBank KM222822, KM222823, KM222824) was obtained in 4 parts: exons 3-4 and 5-7 from cDNA, and exons 1 and 2 from genomic DNA, due to the limited amount of cDNA available. This sequence was compared with previous cDNA sequences obtained from 3 pigmented dogs that had identical sequence: a cream Poodle (GenBank DQ302162), a black and white Large Munsterlander, and a red and white Brittany Spaniel. We also sequenced a wolf (GenBank KJ944376) and a coyote (GenBank KM222820), as the canid ancestors of the dog to verify the "wild-type" alleles. The comparison revealed that the albino Lhasa Apso was homozygous for an allele of each of the 4 single nucleotide polymorphisms (SNPs) in exons 3, 4, 6, and 7. c.1023C>T in exon 4 and c.1362G>A in exon 6 were silent variants and therefore excluded from further analysis.
The c.749C>T variant in exon 3 resulted in an amino acid change from proline to leucine (p.P250L). Five other albino dogs and the rest of the dogs of breeds related to the Lhasa Apso were genotyped using a PCR-restriction fragment length polymorphism (RFLP), with a purposeful mismatch primer designed to create a cut site for the AciI restriction enzyme. The PCR-RFLP revealed that the exon 3 SNP appeared to be a neutral variant as both homozygous genotypes were seen in several dogs. Winkler et al. (2014) also reported that p.P250L was seen in white Doberman Pinschers and was considered to have no phenotypic effect.
The c.1478G>A variant in exon 7 resulted in a glycine to aspartic acid change (p.G493D). However, all 51 colored and nonalbino white dogs, the wolf, and the coyote were homozygous for the 493G allele in exon 7. The 4 colored puppies of the albino Lhasa Apso were heterozygous for this SNP (Figure 2a) . We suggest this 493D allele causes albinism when homozygous. Photographs of the albino dogs tested in this study: a) Lhasa Apso, b) Pekingese, c) and d) Pomeranian siblings, e) mixed breed dog, and f) Pug. All the dogs are homozygous for the p.G493D substitution except for the Pug, which is assumed to have a different mutation in SLC45A2 or another locus.
In order to verify this, DNA from other albino dogs was genotyped: an albino Pekingese, 2 albino Pomeranians, an albino mixed breed dog that was small and long haired and an albino Pug (Figure 1 ). We were able to amplify the entire exon 7 from these dogs, suggesting that they do not carry the large deletion found in the albino Doberman Pinschers. All but the albino Pug were also homozygous for the 493D allele. The colored dam of the 2 albino Pomeranian siblings was heterozygous (Figure 2b ).
All the albino dogs were also genotyped for MC1R for the E alleles (Newton et al. 2000; Schmutz and Berryere 2007b) because in the horse, the shades of "white" caused by SLC45A2 mutations are slightly different depending on the MC1R genotype (Mariat et al. 2003) . The mixed breed dog was e/e, the Lhasa Apso was E M /E M , and the others were E/E at this locus suggesting that the albino genotype at SLC45A2 in these dogs was epistatic to the E M , E, and e alleles of MC1R.
Discussion
SLC45A2 consists of 7 exons and was mapped to canine chromosome 4 (Schmutz and Berryere 2007a) . SLC45A2 codes for a transporter type protein called membrane-associated transporter protein (MATP) of 529 amino acids. The protein contains 12 hydrophobic transmembrane domains and shows sequence and structural similarity to plant sucrose transporters (Fukamachi et al. 2001 ) and H + / sucrose symporters in Drosophila (Vitavska and Wieczorek 2013) . MATP is known to play a role as a membrane transporter in melanosomes (Fukamachi et al. 2001 ) and helps to acidify the melanosomes, thus facilitating the melanogenesis by proper sorting of proteins and enzymes necessary for melanogenesis (Dooley et al. 2013) . Mutations in the SLC45A2 are believed to disrupt the sorting and trafficking of tyrosinase, tyrosinase-related protein 1, and to a certain extent Dopachrome tautomerase from the trans Golgi network to the melanosomes, preventing these enzymes from performing their tasks in the melanosomes (Hearing 2005) .
The level of deleteriousness of the 2 amino acid substitutions (p.P250L and p.G493D) was analyzed using the Ensemble Variant Effect Predictor (http://www.ensembl.org/info/docs/tools/vep/index. html). The p.G493D substitution was given a SIFT (sorts intolerant from tolerant) score of 0.01 and a score of 0.33 for the p.P250L
substitution. An amino acid substitution is predicted damaging when the SIFT score is ≤0.05 and tolerated if the score is >0.05 suggesting that the p.G493D is a deleterious substitution, whereas the p.P250L is tolerable.
Further a topology prediction for SLC45A2 of the albino Lhasa Apso was carried out using TMHMM (v. 2.0; http://www.cbs.dtu. dk/services/TMHMM-2.0/) and was compared with one obtained from a cream poodle (GenBank: DQ302162.1). Amino acid 493 is located in the 11th transmembrane domain and the topology predicted that the 11th transmembrane domain of the 493D alllele in albino Lhasa Apso has an altered structure (see Supplementary  Figure 1 online). We suggest this alteration may lead to a malfunctioning MATP in this albino dog.
An amino acid alignment of SLC45A2 was carried out with Clustal W (http://embnet.vital-it.ch/software/ClustalW.html) and revealed that glycine is conserved in several species including dog, human, cattle, pig, sheep, horse, cat, and mouse. Aspartic acid occurred only in the albino dogs.
All the albino dogs in this study with the 493D allele share certain characteristics such as a small body and long hair. It is possible that breeders of small, long haired dogs may have found the phenotype attractive and the allele might therefore have been spread to similar breeds.
The family studies ( Figure 2 ) and homozygous genotypes of the long haired albino dogs confirm that this type of albinism is inherited as a recessive condition. Little (1957) postulated that albinism would be caused by a recessive allele at the C locus in dogs. Given that the albino Doberman Pinschers and their descendants were registered by the American Kennel Club on a "Z list," Winkler et al. have suggested the deletion in SLC45A2, which causes albinism in that breed be known as the c aZ allele (Winkler PA, personal communication) . We suggest that the p.G493D mutation found in this study be known as the c aL allele as it was detected originally in a Lhasa Apso and subsequently in several long haired small dog breeds.
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